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Abstract— The Generalized Bernoulli Modeling approach is
used to analyze the pattern change in intron sequences of a
model plant species Arabidopsis thaliana. The influence of the
intron length and the number of GC on the intron sequence
pattern changes is examined. Two other gene properties, the
gene expression level and the protein function encoded are also
assessed. Among the random sampled intron sequences,
10.71% of them have been identified to have sequence pattern
change. Our study shows that the number of GC and the
intron length significantly influence the intron pattern change
while the gene expression level and the protein function have
little effect. Our results show that for Arabidopsis thaliana, the
shorter intron with more number of GC might have a higher
chance to have pattern changes detected on its sequence and
this piece of information could be used for checking whether
the intron is functional introns. This study may be benefit to
the further study on functions of intron.
Keywords- pattern change; intron sequence; intron length;
number of GC, GC content

I.

INTRODUCTION

As the field of genomics is growing rapidly due to the
increase in data availability of full genomes, more research
attention is now focusing on studying the non-coding
sequences [1, 2]. The up- and down-stream non-coding
sequences are known to play a major role in the regulation of
gene transcription and translation [3]. Introns, known as the
non-coding regions within genes of eukaryotes, were once
considered “junk” genes [4]. However, increasing research
has suggested that certain introns are also involved in gene
expression and regulation [5]. Although studies have shown
that certain introns could promote expression [6, 7] or play
important roles in transcription processes [5], the specific
function of introns remains unknown. The accessibility of
database of all intron sequences for certain species like
Arabidopsis thaliana, now it carries out systematic analyses,
but it is critical to develop a method to extract “functional
introns”, based on our current knowledge on gene structures.
Studies have shown that GC-content and length of introns
are important in gene regulation or expression [8] and are

significantly correlated [4]. Understanding the influence and
role of introns, in association with gene expression level has
been a widely debatable subject. Many research studies [912] have explored the function of introns, in particular the
length of introns in relation to gene expression level within
the coding sequences (CDS) and untranslated regions
(UTRs).
Statistical analysis methods can be used to examine the
function and relevance of introns. DNA sequences can be
modeled through a generalized Bernoulli process. The
concept of “segmentation” in DNA sequences is equivalent
to the concept of “stationary subsequence” in a stochastic
process [13]. A position in a DNA sequence, which is used
to link two consecutive segments, is called a “change point”
in this paper. In terms of the concept of “stationary”, a DNA
sequence with sequence structure change/pattern change is
equivalent to having at least one change point in the DNA
sequence. Identifying the pattern changes in DNA sequences
is significantly important in terms of discovering the genome
functional components, understanding relevant evolutionary
processes and describing genome architecture [14].
The use of statistics to detect change points in DNA
sequences has been applied since the late 1980’s [15 - 18].
Many different inference methods have been developed for
the purpose of detecting change points in DNA sequences.
They include Sequential Importance Sampling [14], Hidden
Markov Model [19], Bayesian Hidden Markov Model [20,
21], the Cross-Entropy Method [22] and Generalized
Bernoulli Modeling approach [13]. Previous researchers
have studied the segmentation of DNA; however few have
focused on intron segmentation studies. Many different
methods can be applied for estimating change points in
intron sequences. However, all methods have their own
limitation to obtain accurate estimation of change points. The
Maximum Likelihood method will often provide
meaningless estimations [17]. The inference results on
change points provided by Bayesian Hidden Markov models
(Bayesian HMMs) and Hidden Markov models (HMMs) are
very sensitive to prior knowledge about the location of the
change points [19]. Furthermore, the methods of Bayesian

HMMs and HMM do not explicitly provide point estimations
of change points. In this study, we employ the Generalized
Bernoulli Modeling approach [13] and use this approach to
estimate change points in introns. This method provides the
visual-aid detection information on change points from the
plots of the relevant associate processes. The information is
then used to improve the Maximum Likelihood estimation of
change points and provide more accurate estimation on
change point in introns. In this study, we use Arabidopsis
thaliana data as an example to demonstrate how to discover
secret within introns through change point detection.
II.

DATA COLLECTION AND ESTIMATION OF CHANGE
POINT

The data used in this study and the change point
estimation are obtained by following the workflow described
in Fig. 1.

organisms for studying plant genetics and development [23].
The intron sequence data was obtained from TAIR9 database
(The Arabidopsis information resource) [24]. Protein
functional category classification was obtained from the
Clusters of Orthologous Groups of proteins database [25].
The gene expression data was collected from microarray data
(The Arabidopsis Functional Genomics Consortium: AFGC)
database [26]. By using standard identifiers, we link all
intron sequences, protein function and gene expression data
into one main table for analysis.
B. Data preparation
We used a proportional stratified random sampling
design to randomly select intron sample for this study. A
proportional stratified random sampling design is a process
of grouping members of underlying population into
relatively homogenous subgroups before sampling. The steps
involved in constructing the sampling design are summarized
as below:
•

Under stratified sampling, heterogeneous genes are
grouped by protein functional category (strata).
Protein function is classified into three categories,
Information storage and processing, Cellular
processes and signaling, and Metabolism, by the
functional classification of proteins in the Cluster of
Orthologous Groups (COGs) database [25].

•

Within each category, genes with the same locus tag
ID are grouped into the same cluster. Also, genes
with duplicate start and stop positions of the genome
are filtered. The total numbers of gene clusters for
Protein Categories 1, 2 and 3 are 903, 1478 and 1336
respectively.

•

50 samples of the gene clusters are randomly
selected from the three defined strata in proportion to
the number of gene clusters within each stratum.
There are 12, 20 and 18 gene clusters in total for
Protein Category 1, 2 and 3 respectively. The
numbers of intron sequences in Protein Category 1, 2
and 3 are 44, 84 and 77 respectively. The total
sampled introns are 205.

•

All intron sequences in this study are in the forward
direction.

C.

Detection of change points
A DNA sequence can be expressed as a sequence of
Y1 , Y2 ,  , Yn where Yi takes one of DNA alphabet (A, C, G or
T). Sometimes G-C base-pairs model, A-G base-pairs model
or T-G base-pairs model are considered in DNA sequence
analysis. For example, for G-C base-pairs model, bases G
and C are classified into a same category. Those models can
be modeled through generalized Bernoulli processes.

Figure 1. Data processing and data analysis workflow

A. Data collection
This study focuses on Arabidopsis thaliana which offers
a compact genome and is widely used as one of the model

Definition: A process Yt is called a generalized Bernoulli
process, if for all t > 0 , Yt has Bernoulli distribution with
mean pt > 0 .

In the definition of a generalized Bernoulli process, { Yt }
are not necessarily mutually independent. However, to model
G-C base-pairs in this paper, we adopted previously
suggested method from the literature and accept that { Yt } are
mutually independent [16, 27]. Therefore, to model a DNA
sequence by a G-C base-pairs model, a generalized Bernoulli
process Yt is defined as follows: Yt = 1 if the sequence at its
t th position is G or C; otherwise Yt = 0 [16, 27].
Given a generalized Bernoulli process Y1 , Y2 ,  , Yn , if there
is an integer τ ∈ (1, T ) such that for all t < τ , pt = a and for all
t > τ , pt = b where a ≠ b then τ is called a change point
in the sequence Y1 , Y2 ,, YT .
To gain insight into the relationship among intron
sequences, gene expression level and protein function, firstly
we examine each sampled intron sequence to find out
whether the intron sequence has pattern changes/change
points or not. We use G-C model to model intron sequence.
The process used for detecting change points involves four
steps [13]. Step 1, for each intron sequence, define a
sequence y1 , y 2 ,, y n such that, yi = 0 if the i th position of
the intron sequence is A or T; yi = 1 , otherwise (C or G).
Step 2, define an associate sequence from the original
sequence and produce a plot of the associate process. Step 3,
observe the pattern changes in the plot of the associate
process and identify potential region(s) for change point(s) if
there are any significant pattern changes appearing on the
plot. Step 4, apply the Maximum likelihood method to the
potential regions and estimate the change point(s).
D. Hypothesis test
After change points in an intron sequence are detected,
the intron sequence will be divided into segments by the
positions of those change points. Each segment is presumed
stationary; its mean is estimated by the proportion of GC in
the segment. For each segment, the GC proportion was
calculated. To further check the accuracy of the estimates of
change points, we use the z-test to test if the GC proportions
are significantly different for any two consecutive segments
which share a change point as one end of the two segments.
The significance level used in the test is 0.05. The null
hypothesis is that there is no difference between the GC
proportions between the two tested segments. If test statistic
z <–1.96 or z >1.96, the null hypothesis will be rejected. It
indicates that there is evidence to support that the means of
the two tested segments are different and therefore it further
confirms the shared end of the two segments is a change
point. If the null hypothesis is accepted, the two tested
segments will be combined together and form a longer
segment. In addition, to test if more than two segments (more
than one change point is found) have the same mean or not, a
Chi-square test will be used.
Using the intron sequence AT1G06490 in Protein
Category 2 (consisting of 73 bp) as an example, we illustrate
the process above.

Figure 2. The plot of associate process given by intron AT1G06490

Given the AT1G06490 sequence, the plot of associate
process is shown in Fig. 2. From the plot, the plot pattern
change is easily identifiable. It suggests there is a change
point in the sequence and a potential domain (20, 40) for the
change point is determined. The sequences from 1 to 20 bp
and from 40 to 73 bp are considered to be stable. The means
of sequences are calculated respectively and then will be
used in the process of estimating the possible change point
between positions 20 and 40 [13]. Within the potential
domain, we calculate the value of a log likelihood function
defined in [13] and use the Maximum likelihood method to
estimate the change point position. The estimated position of
the change point is 28 where the log likelihood function
takes the maximum. The scatter plot of the log likelihood
function is shown in Fig. 3. After the change point is
estimated, we calculate the means of the segments from 1 bp
to 28 bp and 29 bp to 73 bp respectively. The results are
0.5000 and 0.2444. To further check if we are able to reject
that there is no significant difference between the means of
these two segments at significance level 0.05, a z-test is
carried out. The value of test statistic z is 2.2374 indicating
there is evidence to support that the two means are
significantly different. Therefore the position of change point
in this sequence is 28.

Figure 3. The scatter plot for log likelihood function

III.

RESULTS

A. Compairson of the intron length and the number of GC
We divide 205 random sampled intron sequences into 2
groups: 22 intron sequences with pattern change (Group 1)
and 183 intron sequences with no pattern change (Group 2).
The median of the length of intron sequences in Group 1 is
89 bp and ranges from 65 – 1188 bp. The median of the
length of intron sequences in Group 2 is 105 bp and ranges
from 69 - 792 bp. Higher skewness (3.2291) can be seen in
the length distribution of Group 1 compared to the length
distribution of Group 2 (1.8881). Difference in kurtosis is
also showed between these two groups, indicating the
distribution of the intron length in Group 1 tends to have
higher distinct peak near the mean. In addition, the median of
the number of GC in Group 1 is 28 and ranges from 18 –
441; the median of the number of GC in Group 2 is 34 and

ranges from 17 – 275. Both medians of the length of intron
and the number of GC in Group 2 are greater than those for
Group 1. Applying Mann-Whitney U test to the data, there is
evidence to support that the medians of the length of an
intron sequence and the number of GC in Group 1 are less
than those in Group 2. This suggests that the longer the
intron is, the less the chance the intron has pattern change in
its sequence.
B. Analysis of GC content within intron (without pattern
change) in different protein functional groups
Those sequences that do not contain pattern change are
also analyzed to test whether these intron sequences have the
same probability structure or not. The mean of the GC
number in each intron is the main measurement to test
whether these intron sequences have the same probability
structure or not. If two introns (without pattern change) have
the same mean of GC number, these two introns can be
accepted to have the same probability structure. Therefore,
for each sampled gene, we used the Chi square test to test
whether all the introns (without pattern change) in the gene
have the same GC content. It turns out that the conclusion is
held at significant level 0.05.
To test the GC content within different genes,
consideration of the intron sequences (without pattern
change) in all genes by protein function are also performed
by using the Chi square test. The analysis indicates that there
is evidence to support that all of the introns (without pattern
change) in Protein Category 1 (p-value = 0.1459) and Protein
Category 2 (p-value = 0.292) can be accepted with the same
GC content, while no evidence to support that all of the
introns (without pattern change) in Protein Category 3 (pvalue < 0.000) have the same probability structure. The GC
content of sampled intron sequences (without pattern
change) in both Protein Categories 1 and 2 are stable and
their pooled GC content can be accepted at 0.3210 and
0.3293 respectively. Previous research examining the GC
content within introns in the Arabidopsis found it was 32%,
confirming these results [28].
C. The relationship between the gene properties and intron
sequence pattern change
Little is known about the impact of intron pattern change
on the gene expression level and protein function. In this
study, we investigate whether there is any connection
between the gene expression level or protein function against
intron pattern change in genes. A gene may contain one or
more introns. If one of its introns has pattern change, we will
define the gene as the gene with intron pattern change.
For each sampled intron sequence, it is classified into
different groups based on gene expression level and the
protein function. Regarding gene expression intensity, a gene
with average gene expression intensity greater than 4775.683
(the median value of the whole average gene expression
intensity) will be in the high gene expression level, otherwise
in the low gene expression level. Our hypothesis is that a
gene with higher average gene expression may have more
chance to be a gene with intron pattern change. A Chi-square

test shows that there is no sufficient evidence to support our
hypothesis test.
When taking protein function into account, a Chi-square
test also shows that there is no evidence to support that a
gene belonging to a particular protein functional category
will be more likely to have intron sequences pattern change.
Our study also confirms in biology that the structure of
intron sequences should be irrelevant to gene expression
level and protein function.
D. Analysis of GC content and intron pattern changes
Within 205 sampled introns, 22 introns have been
detected to have pattern change(s). Studying the GC content
in each segment in each intron found that 18 introns out of
22, each of them has at least one intron segment with GC
content greater than 0.36 (which is the mean GC content of
Arabidopsis thaliana [29]). A z-test is conducted to
determine if there is significant that more than 50% of intron
sequences with pattern change have higher GC content in
one of their intron segments. The test gives p-value 0.0028
and indicates that there is evidence to support more than 50%
of intron sequences with pattern change have higher GC
content in one of their intron segments.
E. The relationship between the probability of an intron
having pattern change against the length of intron and
the number of GC in the intron sequence
We applied the binary logistic regression analysis to
model the relationship between the probability of an intron
with pattern change against the length of intron as well as the
number of GC in the intron. The best fit model is

 π ( x) 
ln 
 = β1length + β 2GC + β 3length × GC
1 − π ( x) 
where

π (x)

is the conditional probability of an intron

sequence with pattern change; the estimations of
are given by Table I
TABLE I.

β1 , β 2 , β 3

THE SUMMARY OF LOGISTIC REGRESSION ANALYSIS

Variables

Coefficient

Standard
error

t -value

Length

-0.0181

0.0090

-2.010*

GC

0.1277

0.0319

4.002 *

Length*GC

-0.00008

0.00002

-3.732*

* is significant at the 0.05 level.

The estimation of the conditional probability of an intron
having pattern change is given by the following equation:

e −0.0181(length )+0.1277 (GC )−0.00008(length×GC )
π ( x) =
(1)
1 + e −0.0181(length )+0.1277 (GC )−0.00008(length×GC )

Based on (1), we plot the probability of the pattern
change in the intron sequence versus the intron length for
each given numbers of GC (27, 34 and 71) (Fig. 4). The plot
clearly shows the probability of the pattern change in the
intron sequence decreases as the length of the intron
sequence increases. It also shows that the higher number of
GC in the intron, the higher probability of the intron will
have pattern change. This might imply that the shorter length
and the higher the number of GC in an intron might have
correlation to the pattern change within intron sequences.
This result of Arabidopsis thaliana is similar to the result of
Drosophila that patterns of intron sequence is dependent on
the intron length and the number of GC [30].

Figure 4. Probability of having pattern change in relation to the length of
intron sequences given number of GC = 27, 34 and 71

IV.

DISCUSSION

Preliminary results using several statistical methods have
shown that intron sequences that displayed pattern change
have high values of skewness and kurtosis and experience
shorter median intron lengths. Little investigation has been
undertaken in the length distributions of these sequences, in
particular in relation to pattern change. To extend on the
preliminary results, this was investigated.
The relationship between the pattern change of intron
sequences and the length and the number of GC was
examined. Comparisons of length and the number of GC
showed significant differences, therefore a logistic regression
model was used to establish whether there was a relationship
between the presence of pattern change and the length of
intron sequences and the number of GC. In summary, it was
shown that pattern change was associated with shorter
lengths of intron sequences and the higher number of GC.
What role does intron’s have in relation to the organisation,
distribution and functional significance of genes has been a
continuous area of study. Organisation of the genome into
harmonized segments may reveal the significance the length
of the intron and GC content has on change points within a
gene, and genome itself. Previous research conducted on the
Drosophila has found that short introns make up only a small
percentage of total intronic DNA in the genome, and found
that intron length and sequence evolution is negatively
correlated [31]. It appears that shorter introns are less likely

to diverge, there is strong evidence evolutionary constraints
occurs on longer introns [31]. This includes the first intron
where the length is an important attribute [32]. Length is
also important if genes are reliant on improving the rate of
mRNA export, and research has shown that minimal introns
has some influence on function by enhancing the export of
the mRNA [33]. Short introns have also been related to the
acquisition of stroma-targeting peptides in the flagellate
Euglena gracilis. The splicing and organization of exons and
introns has been an important factor in the acquisition of
chloroplast targeting signals [34].
A key area for many biologists is to gain more
understanding of introns, and determine whether or not they
have any functional importance within the genome. Research
conducted on the human genome as well as the Drosophila
had identified distinct patterns, particularly in association
with the length of and the GC content of introns. The
Drosophila research [4] has found that longer introns and
lower GC content tend to have a higher probability to be
functional introns. However, other research has determined
within the human and chimpanzee genomes [5, 35] that
higher GC content and shorter introns offer a higher
probability that the introns are functional. Using this
information already gained by other research work, it may
support what this research paper has also found, investigating
pattern change. We can surmise for Arabidopsis thaliana that
shorter introns and higher GC number leads to a higher
probability of pattern change within the introns, therefore
suggesting that these introns can be described as functional.
This current research and previous research on introns has
showed the importance of length distributions in relation to
biological processes and may facilitate in the building of a
model that could identify and describe functional introns
within multiple organisms. The relationship between the
level of gene expression and pattern change showed a weak
relationship. Previous research has reported that there is
strong correlation between gene expression and GC-content
[36], however [37] re-examined these finding and found very
weak correlations, on individual genes, not on groups of
genes. This research has built a better understanding of how
introns are constructed and influence the function and
replication of proteins within the organisms’ genome.
V.

CONCLUSION

With the limited sample size, our study does not reveal
relationships between the existence of pattern change and the
gene expression level as well as the protein function.
However, as far as all introns (without pattern change) are
concerned, the same GC content in introns in the same
protein category is found in both Information storage &
processing or Cellular processes & signaling protein
categories but not found in Metabolism category.
Currently there is no research on the relationship between
GC content and intron function in any plants and there is still
no knowledge about if the length or GC content will have
impact on the function of intron in any plants either. There is
still little understanding on plant’s introns.

Our study in Arabidopsis thaliana indicates that the intron
length and the number of GC are statistically significantly
correlated to the pattern change in the intron sequences. It
also shows that a short intron with more number of GC has
higher chance to have pattern change in its sequence. Based
on statistical data analysis, we found that the length of intron
and the GC content of intron have significant impact on the
probability of an intron having pattern changes in its
sequence.
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